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Abstract. The structure-activity relationship of the cytotoxic
activity of azulene and azulene derivatives was discussed,
using theoretically calculated results. In order to clearly divide
the azulenes into three groups according to their functional
groups, the CC50, four different dipole moments (ÌG, ÌESP-G,
ÌW and ÌESP-W) and heats of formation (¢Hf) of the azulenes
[1-24] were separately calculated in two states, gas-phase and
water, by the conductor-like screening model/parametric
method 3 (COSMO/PM3). For the halogenated azulenes and
isopropyl azulenes, the cytotoxic activity might follow the 
three quantitative structure-activity relationship (QSAR)
parameters: ¢¢Hf, HOMO energy and Ìw. Whereas, for the
other ten compounds [3-5, 7-8, 10, 15-18], the cytotoxic
activity might be related to the three QSAR parameters, ¢¢Hf,
LUMO energy and ÌG.
Azulene chemistry, including synthesis and their physical
and chemical properties, has been extensively studied for
more than four decades (1-4). Azulene derivatives have
shown interesting biological activities, such as antibacterial
(5), anti-ulcer (6) and relaxant activities (7), inhibition of
thromboxane A2-induced vasoconstriction and thrombosis
(8), acute toxicity and local anesthetic activity (9). 
In our previous paper, the cytotoxicities of 27 azulene
derivatives against three human normal cell lines and three
human oral tumor cell lines were discussed (10). Among
six halogenated azulenes, 1,3-dibromoazulene [13] was
found to be highly cytotoxic against both human tumor
cells [CC50 (HSG)=0.31 mM; CC50 (HSC-2)=0.19 mM;
CC50 (HSC-3)=0.15 mM] and normal human cells [CC50
(HGF)=0.27 mM; CC50 (HPC)=0.26 mM; CC50
(HPLF)=0.30 mM]. Among seven isopropylazulene
derivatives, methyl 7-isopropyl-2-methoxyazulene-1-
carboxylate [24] was comparably cytotoxic against the
tumor cell lines [CC50 for HSG, HSC-2 and HSC-3=0.11
mM], but showed much lower cytotoxicity against normal
cells. (10). This tumor-specific cytotoxic activity might be
related to the position of functional groups. The azulenes
can be conveniently divided into three groups based on
their functional groups: halogenated azulene derivatives,
isopropylazulene derivatives and other derivatives.
Azulene [1] is considered to be the reference compound.
Based on a molecular orbital calculation concerning the
physicochemical parameters and the cytotoxic activities of
azulene derivatives, the purpose of this paper was to
present some relationships between the electronic
structure and the cytotoxic activity of azulene derivatives.
Materials and Methods
Chemicals. Twenty-four azulenes [1-24] were synthesized, as
described previously (10) (Figure 1).
Theoretical calculations. The molecular orbital calculation by the
parametric method 3 (PM3) was performed with application of
the winMOPAC program (11). The geometries of the azulene
derivatives [1-24] were optimized with respect to all geometrical
parameters using the Broyden-Fletcher-Goldfarb-Shanno
algorithm incorporated in the program. The geometries of the
azulene derivatives [1-24] in water-solution were compared with
those in gases by the conductor-like screening model orbital
(COSMO) and electrostatic potential (ESP) calculations. The
COSMO procedure generates a conducting polygonal surface
around the system at van der Waal's distance. The standard
values used here were the number of geometrical segments per
atom (NSPA)=60 and the dielectric constant=78.4 at 25ÆC
(water). The values of the dipole moment (ÌG and ÌW) in the
gas-phase and in the water-solution of azulene derivatives [1-24]
were calculated by the ESP/PM3 and COSMO/PM3 methods.
For this calculation, an IBM Intellistation M Pro personal
computer was used (11). 
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Results and Discussion
Relationship between structure and activity. The relationship
between the cytotoxicity of 24 azulene derivatives against
two human normal cell lines (HGF, HPLF) and two human
oral squamous cell carcinoma cell lines (HSC-2, HSC-3) and
their electronic properties were investigated.
A partition coefficient logP is used as an index for the
structure-activity relationship analysis in new drug design.
A stereo hydrophobic parameter dGW was obtained by the
PM3 method. The dGWs were defined by their free-energy
changes for the association in the aqueous solution and in
the gas-phase (12). From the calculations, the structure-
activity relationship analysis revealed that the
hydrophobicity of the whole molecule (¢¢Hf) and the
dipole moment (Ì) might control the cytotoxic activities of
the azulene derivatives. Recently, we represented the
quantitative structure-activity relationship (QSAR) between
cytotoxic activity and the three QSAR parameters of ¢¢Hf,
IOH and ÌESP-G on 3-benzazepine derivatives (13). Based on
our previous results, the relationship between the cytotoxic
activity and the individual QSAR parameters are presented. 
The ¢¢Hf, the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital
(LUMO) energy and the dipole moment (Ì) of azulene
derivatives [1-24], calculated by the PM3 method, are
provided in Table I. Four types of dipole moment were
calculated by the PM3 method. Among the azulene
derivatives [1-24], the value of ¢¢Hf / M.W. increased in
the following order: [14] (¢¢Hf / M.W.=0.093 kJ/mol/g) 
< [12] (¢¢Hf / M.W.=0.113 kJ/mol/g) < [2] and [13]
(¢¢Hf /M.W.=0.117 kJ/mol/g) < [15] (¢¢Hf /
M.W.=0.137 kJ/mol/g). < [6] (¢¢Hf / M.W.=0.139
kJ/mol/g). The value of HOMO energy in the water-solution
increased in the following order: [3] (–7.75 eV) < [19]
(–8.10 eV) < [12] (–8.28 eV) < [2] (–8.30 eV) < [15]
(–8.31 eV). < [1] (–8.39 eV). 
The value of the dipole moment (Ìw) in the water-
solution also increased as follows: [3] (1.92 D) < [15] (3.07
D) < [2] (3.44 D) < [23] (4.19 D) < [5] (4.31 D) < [1]
(4.52 D). The cytotoxic activity of [24] against HGF cells
was the highest (CC50=0.18 mM), followed by [13]
(CC50=0.27 mM), [21] (CC50=0.35 mM) and [18]
(CC50=0.39 mM). 
The cytotoxic activity of [24] against the HSC-2 cells
was also the highest (CC50=0.11 mM), followed by [18]
(CC50=0.14 mM), [2] (CC50=0.16 mM) and [14]
(CC50=0.17 mM). Their cytotoxic activities could not be
related to the individual QSAR parameters, such as
¢¢Hf /M.W., HOMO energy or Ìw. The correlation
coefficient (r2) and the Fisher statistic (F) are important
in assessing the "correctness" of a regression fit. In order
in vivo 20: 385-390 (2006)
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Figure 1. Structure of 24 azulene derivatives [1-24].
to obtain a more quantitative characteristic of the
"correctness" of a model, QSAR uses the well-known
Fisher statistic value. The correlation coefficient (r2) and F
value against HGF cells for all the azulenes, except for
compounds [3] (CC50 > 2.79 mM), [4] (CC50 > 1.99 mM)
and [8] (CC50 > 2.07 mM), using the three electronic
parameters of ¢¢Hf /M.W., HOMO energy and Ìw, were
calculated as 0.041 and 0.244 (< F (3, 17, 0.05)=3.160),
respectively. The r2 and F value between CC50 values
against HSC-2 cells for all the azulenes except for
compound [3] (CC50 > 2.79 mM), using the three QSAR
parameters ¢¢Hf /M.W., HOMO energy and Ìw, were also
calculated as 0.073 and 0.501, respectively. Since the F
values of these derivatives for this model were lower than
the 5% critical value (F=3.127), the hypothesis was not be
acceptable. 
The azulenes may thus be conveniently divided according
to their three functional groups: halogenated compounds [6,
9, 11-14], isopropylazulene derivatives [2, 19-24] and other
compounds [3-5, 7-8, 10, 15-18].
Relationship between the cytotoxic activity of halogenated
compounds against normal cells (HGF, HPLF) or tumor cells
(HSC-2, HSC-3) and ¢¢Hf/M.W., HOMO energy and Ìw. Of
the six halogenated azulenes, 1,3-dibromoazulene [13]
showed the highest cytotoxicity against normal human
cells. In order to obtain a quantitative correlation between
the cytotoxic activity and electronic properties, the
coefficient of the multiple determination and the F value
were calculated. The structure-activity relationship analysis
revealed that the hydrophobicity of the molecule (¢¢Hf),
the HOMO energy in the water-solution and the dipole
moment (ÌW) in the water-solution might greatly
contribute to cytotoxic activity. Consequently, the
following correlation equations 1 and 2 were obtained for
the HGF and HPLF cells, respectively: 
CC50=24.051 + 12.766 x ¢¢Hf / M.W. + 2.623 x EHOMO
–0.440 x Ìw (equation 1)
n=5 (1, 9, 11, 13, 14), r2=0.999, F=17239 > F (3, 1,
0.05)=215.7.
CC50=39.781 + 5.963 x ¢¢Hf / M.W. + 4.353 x EHOMO
–0.449 x Ìw (equation 2)
n=5 (1, 11-14), r2=0.999, F=920.9.
Of the six halogenated azulenes, 1,3,5-tribromoazulene
[14] was the most cytotoxic against the HSC cells. 
The following correlation equations 3 and 4 were
obtained for the HSC-2 and HSC-3 cells, respectively: 
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Table I. QSAR parameters of azulene derivatives.
Compound ¢¢Hf HOMO (eV) LUMO (eV) Dipole moment (in Debye units)
no. (in KJ/mol)/
M.W. in gas-phase in water in gas-phase in water ÌG ÌESP-G ÌW ÌESP-W
1 0.183 –7.99 –8.39 –1.19 –1.47 1.86 1.70 4.52 4.44
2 0.117 –7.89 –8.30 –0.92 –1.36 1.48 1.34 3.44 3.47
3 0.241 –7.51 –7.75 –0.91 –1.22 0.70 0.61 1.92 1.79
4 0.357 –8.33 –8.57 –1.24 –1.48 4.36 3.96 9.21 8.96
5 0.188 –8.25 –8.57 –0.99 –1.39 1.66 1.11 4.31 3.99
6 0.139 –8.34 –8.56 –1.22 –1.52 2.47 1.89 5.59 5.15
7 0.277 –8.19 –8.62 –1.50 –1.56 4.70 4.84 10.63 11.07
8 0.476 –8.71 –8.71 –1.93 –1.67 4.38 4.52 8.79 9.12
9 0.454 –8.77 –8.92 –1.80 –1.75 6.70 5.85 11.87 11.71
10 0.270 –8.70 –8.82 –1.74 –1.63 6.71 6.42 12.97 13.10
11 0.153 –8.37 –8.48 –1.49 –1.63 3.06 3.01 6.48 6.55
12 0.113 –8.08 –8.28 –1.35 –1.60 2.47 2.03 5.74 5.42
13 0.117 –8.41 –8.56 –1.44 –1.65 2.88 2.38 6.39 5.99
14 0.093 –8.60 –8.70 –1.64 –1.76 2.01 1.66 4.54 4.32
15 0.137 –8.00 –8.31 –0.97 –1.34 1.18 1.08 3.07 3.04
16 0.293 –8.48 –8.66 –1.43 –1.54 4.63 4.59 9.67 9.85
17 0.268 –8.34 –8.50 –1.39 –1.53 4.55 4.44 9.52 9.67
18 0.237 –8.44 –8.63 –1.38 –1.55 3.74 3.83 8.77 9.08
19 0.276 –8.00 –8.10 –1.36 –1.43 4.34 4.54 7.18 7.68
20 0.291 –8.77 –8.99 –1.65 –1.61 7.24 7.04 13.57 13.73
21 0.196 –8.28 –8.51 –1.35 –1.55 4.83 4.63 9.50 9.60
22 0.353 –8.80 –8.95 –1.81 –1.73 6.77 6.82 12.80 12.34
23 0.144 –8.17 –8.55 –0.95 –1.39 1.60 1.14 4.19 3.89
24 0.238 –8.56 –8.70 –1.40 –1.57 5.83 4.56 9.68 9.60
¢¢Hf=hydrophobicity of whole molecule
CC50=20.597 + 5.128 x ¢¢Hf / M.W. + 2.314 x EHOMO
–0.172 x Ìw (equation 3)
n=5 (1, 9, 11, 12, 14), r2=0.998, F=218.4.
CC50=30.528 + 11.254 x ¢¢Hf / M.W. + 3.357 x EHOMO
–0.458 x Ìw (equation 4)
n=5 (1, 9, 12-14), r2=0.999, F=2376.1.
Relationship between the cytotoxic activity of isopropylazulenes
against normal cells (HGF, HPLF) or tumor cells (HSC-2,
HSC-3) and ¢¢Hf/M.W., HOMO energy and Ìw. Of the
seven isopropylazulene derivatives, methyl 7-isopropyl- 2-
methoxyazulene-1-carboxylate [24] showed a much lower
cytotoxicity against the normal cells (10). In the case of the
isopropylazulene derivatives, the following correlation
equations 5 and 6 were obtained for the HGF and HPLF
cells, respectively: 
CC50=–0.201 + 5.416 x ¢¢Hf / M.W. –0.027 x EHOMO
–0.078 x Ìw (equation 5)
n=5 (2, 19, 21-23), r2=0.999, F=779.9.
CC50=–3.317 + 7.372 x ¢¢Hf / M.W. –0.358 x EHOMO
–0.093 x Ìw (equation 6)
n=5 (2, 19, 21-23), r2=0.999, F=669.4.
Of the isopropylazulene derivatives, compound [22]
showed a much lower cytotoxicity against tumor cells (Table
II) (10).
In the case of these derivatives, the following correlation
equations 7 and 8 were obtained for the HSC-2 and HSC-3
cells, respectively: 
CC50=–8.941 + 5.456 x ¢¢Hf / M.W. –1.076 x EHOMO
–0.139 x Ìw (equation 7)
n=5 (2, 19, 20, 22-23), r2=0.999, F=340.3.
CC50=0.315 + 5.715 x __Hf / M.W. + 0.074 x EHOMO
–0.069 x Ìw (equation 8)
n=5 (2, 19, 20, 22-23), r2=0.999, F=308.3.
Relationship between the cytotoxic activity of other azulenes
against normal cells (HGF, HPLF) or tumor cells (HSC-2,
HSC-3) and ¢¢Hf/M.W., HOMO energy and Ìw. The multiple
in vivo 20: 385-390 (2006)
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Table II. Observed and estimated activity of azulenes [1-24].
Compd. Cytotoxic activity (CC50: mM)
Normal human cells Human tumor cell lines
HGF HPLF HSC-2 HSC-3
obs. estim.a obs. estim.a obs. estim.a obs. estim.a
1 2.38 2.38 2.29 2.30 1.33 1.33 2.33 2.34
2 0.40 0.39 0.19 0.20 0.16 0.15 0.12 0.13
3 >2.79 3.30 >2.79 2.83 >2.79 0.83 >2.79 1.23
4 >1.99 1.93 >1.99 1.38 0.34 0.39 0.98 0.99
5 1.82 1.81 1.71 1.64 0.61 0.64 0.92 0.83
6 2.39 0.92 1.86 0.85 0.42 0.55 0.65 0.81
7 0.98 0.67 0.92 0.58 0.64 0.25 1.17 0.28
8 >2.07 10.03 >2.07 9.04 1.47 1.46 1.00 1.00
9 1.22 1.22 >1.30 –1.69 0.24 0.24 0.25 0.25
10 1.41 –0.64 1.43 –0.49 1.30 0.01 >1.47 –0.19
11 0.91 0.92 0.90 0.88 0.62 0.65 0.58 0.82
12 1.78 1.26 1.85 1.85 1.06 1.04 1.40 1.39
13 0.27 0.27 0.30 0.32 0.19 0.28 0.15 0.17
14 0.42 0.42 0.43 0.42 0.17 0.16 0.30 0.29
15 0.55 0.50 0.54 0.55 0.58 0.50 0.51 0.61
16 0.76 0.89 0.45 0.70 0.45 0.28 0.35 0.45
17 0.41 0.33 0.40 0.24 0.25 0.23 0.49 0.38
18 0.39 0.76 0.38 0.72 0.14 0.34 0.35 0.34
19 0.95 0.45 0.95 0.95 0.28 0.28 0.80 0.79
20 0.95 0.56 0.78 0.78 0.43 0.43 0.38 0.37
21 0.35 0.35 0.30 0.29 0.18 –0.04 0.29 0.15
22 0.96 0.96 0.84 1.30 0.84 0.83 0.78 0.79
23 0.48 0.49 0.43 0.42 0.46 0.47 0.23 0.22
24 0.18 0.57 0.17 0.65 0.11 0.37 0.11 0.36
aEstimated from the corresponding equation. obs., observed.
linear-regression analysis for the azulene derivatives [4, 5,
7, 8, 10, 15-18], using the above equations 1-8, did not
correlate with the QSAR parameters ¢¢Hf / M.W., HOMO
energy and ÌW. The r
2 and F values between the CC50
values against the HGF and HPLF cells for the nine
azulenes, using the three QSAR parameters of ¢¢Hf /
M.W., HOMO energy and Ìw, were 0.441 and 0.788,
respectively. The r2 and F values between the CC50 values
against the HSC-2 and HSC-3 cell lines and the same
QSAR parameters were 0.874 and 0.661, 6.913 and 1.953,
respectively. However, since the F values of these azulene
derivatives for this model were less than the 5% critical
value (F=9.28), the hypothesis was not acceptable. Then,
we defined that the LUMO energy in the gas-phase and
ÌESP-G were used instead of HOMO energy and ÌW. 
Of the azulene derivatives [4, 5, 7, 8, 10, 15-18], the
cytotoxic activity of [18] was the highest (CC50=0.39 mM),
followed by that of [17] (CC50=0.41 mM), [15]
(CC50=0.55 mM) and [16] (CC50=0.76 mM) for the HGF
cells. Methyl 2-methylazulene-1-carboxylate [18] showed a
much lower cytotoxicity against normal cells. In the case of
the other azulene derivatives, the following correlation
equations 9 and 10 were obtained for the HGF and HPLF
cells, respectively: 
CC50=–9.520 + 23.128 x ¢¢Hf / M.W. –9.417 x ELUMO
–2.137 x ÌESP-G (equation 9)
n=7 (1, 5, 7, 15-18), r2=0.927, F=12.68 > F (3, 3,
0.05)=9.27.
CC50=–9.009 + 18.753 x ¢¢Hf / M.W. –9.414 x ELUMO
–2.008 x ÌESP-G (equation 10)
n=7 (1, 5, 7, 15-18), r2=0.904, F=9.51.
Of the azulene derivatives [4, 5, 7, 8, 10, 15-18], the
cytotoxic activity of [18] was the highest (CC50=0.14 mM),
followed by that of [4] (CC50=0.34 mM), [16]
(CC50=0.45 mM) and [15] (CC50=0.58 mM) for HSC-2
cells (Table II). A similar tendency was also found for the
HSC-3 cells. 
The following correlation equations 11 and 12 were
obtained for the HSC-2 and HSC-3 cells, respectively: 
CC50=–0.818 + 2.442 x ¢¢Hf / M.W. –1.399 x ELUMO
–0.352 x ÌESP-G (equation 11)
n=7 (4, 5, 8, 15-18), r2=0.930, F=13.33.
CC50=0.781 + 4.833 x ¢¢Hf / M.W. + 0.675 x ELUMO
–0.171 x ÌESP-G (equation 12)
n=7 (4, 5, 8, 15-18), r2=0.923, F=12.11.
The CC50 values estimated from the corresponding
equations are shown in Table II. The results of the present
study suggest the applicability of theoretical calculations,
such as frontier molecular orbital, dipole moments and
¢¢Hf, in the prediction of the cytotoxic activity of azulene
and azulene derivatives.
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